Purpose: Female pattern hair loss (FPHL) is a common hair disease. However, studies of the quantitative measurement of FPHL are still limited. The aim of this study was to investigate the characteristics of hair density and hair diameter in normal women and FPHL patients, and further correlate the quantitative measurement with the clinical presentation of FPHL. Patients and methods: An evaluation of 471 FPHL patients and 236 normal women was carried out according to the Ludwig classification, and analysis was performed by using a computerized handheld USB camera with computer-assisted software. Various areas of the scalp, including frontal, parietal, midscalp, and occipital, were analyzed for hair density, non-vellus hair diameter, and percentage of miniaturized hair. Results: The hair density in normal women was the highest and the lowest in the midscalp and parietal areas, respectively. The FPHL group revealed the lowest hair density in the parietal area. Significant differences in hair density, non-vellus hair diameter, and percentage of miniaturized hair between the normal and FPHL groups were observed, especially in the midscalp and parietal areas.
Introduction
Female pattern hair loss (FPHL) is the most common cause of hair loss in women worldwide. It is characterized by progressive hair thinning at the crown with preservation of the frontal hairline, which is caused by progressive transformation of terminal hair to miniaturized hair and a shortening of the anagen phase in each hair cycle. 1 The affected scalp shows a prolongation and an increase in the number of the kenogen (interval between shedding of the telogen and re-entry into anagen), resulting in clinically apparent alopecia. 2 Despite FPHL being a very common hair disease, diagnosis of the condition is still based on patient history and physical examination, which is sometimes not straightforward. Therefore, various methods have been developed to provide an objective measurement for hair loss, 3, 4 ranging from invasive methods such as scalp biopsy to noninvasive methods such as wash test, dermatoscope, and phototrichogram. 5, 6 In hair loss patients who are already concerned about their appearance, it is common that patients do not accept methods that tend to negatively affect their hair, such as biopsy,
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Rojhirunsakool and Suchonwanit plucking, or trimming hair. Hence, for these patients, noninvasive techniques for evaluation of hair loss are preferable. 3, 4 Recently, the automated phototrichogram was developed. It is a novel method that combines the use of a digital videomicroscope with an image analysis system for measurement of hair. 3 This noninvasive technique can be used for measurement of hair density, hair thickness, scalp abnormalities, and so on. The advantage of the system is that it can be used in a real-life clinic setting without cutting, dyeing, or plucking hairs. However, as the system was only recently developed, there is still little information regarding baseline values in normal women and FPHL patients, especially in Asian women. Therefore, we aimed to study the hair density and hair diameter of scalp hair in normal women and FPHL patients. In addition, we studied the correlation between the quantitative measurements obtained by computer-assisted software compared with the clinical presentation of FPHL.
Patients and methods
After the Mahidol University Institutional Review Board approved the study protocol (protocol number 04-56-04), we recruited subjects who visited the dermatology clinic at Ramathibodi Hospital, Mahidol University. The subjects were evaluated in a single visit and were categorized into two groups. The group of normal scalp hair women comprised women who visited the dermatology clinic with skin problems other than hair and scalp diseases. The other group was women who were diagnosed as FPHL cases according to the Ludwig classification. In uncertain cases, the definite diagnosis was confirmed by performing a scalp biopsy. Subjects were women aged >15 years, and all agreed to participate in the study. The exclusion criteria included 1) presence of other hair or scalp disorders; 2) history of anemia, thyroid disease, nutritional deficiency, autoimmune disease, or other systemic disease; 3) history of acute hair loss within 6 months; 4) usage of drugs that can affect hair growth; and 5) history of hair restoration surgery. All patients (or parents of any patients under the legal age of consent) provided written informed consent to participate in the study and to permit use of their photographs for publication.
Four different areas of each subject's scalp were evaluated. The midscalp area was the area on the middle of an imaginary line between the left and right external auditory ear canals ( Figure 1A ). The frontal area was the area at the point 1 cm above the middle of the frontal hairline ( Figure 1B) . The occipital area was the area on the middle of a horizontal line across the greater occipital protuberance ( Figure 1C) . Finally, the parietal area was the area at point 7 cm above both external auditory ear canals ( Figure 1D ). The data from the parietal area was the average of values measured from both sides in each subject.
The measurement of hair density (number of hairs per cm 2 ), the diameter of non-vellus hair (hair shaft diameter more than 30 µm), and the percentage of miniaturized hair (hair shaft diameter ≤30 µm) in this study were performed using a computerized handheld USB camera with computer-assisted software (Folliscope ® ; LeadM Corp., Seoul, South Korea). Digital images were recorded in 50-fold magnification in the areas of 36.48 cm 2 . Each site was measured and photographed three times. The average values at each measurement point were then used in statistical analysis. All values obtained were rechecked by manual counting for more precise results.
For the statistical analysis, the hair density and nonvellus hair diameter were analyzed by two-sample t-test and expressed as mean ± SD. The percentage of miniaturized hair was analyzed by Wilcoxon signed-rank test and expressed as median and range. p<0.05 was considered to be statistically significant. SPSS software version 18.0 (SPSS Inc., Chicago, IL, USA) was used for all statistical analyses.
Results
A total of 707 women aged 16-76 years participated in our study. The normal scalp hair group comprised 236 women with a mean age of 43.2±12.6 years. In the group of 471 FPHL subjects, 165 had FPHL stage I (Ludwig I), 172 had FPHL stage II (Ludwig II), and 134 had FPHL stage III (Ludwig III). The mean ages of the Ludwig I, Ludwig II, and 
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Parietal scalp involvement in female pattern hair loss Ludwig III groups were 40.4±11.3, 42.5±12.2, and 45.1±9.6 years, respectively.
Hair density
The mean hair density at the different sites on the scalp is shown in Table 1 . The hair density in the normal group had variation at different sites. The highest density was in the midscalp, followed by the occipital, frontal, and parietal areas, respectively. Interestingly, in the normal group, the parietal area had significantly lower hair density compared with the other sites. In the FPHL groups, all areas showed a tendency to present decreasing hair densities with increases in clinical staging. Moreover, the parietal area was still the part of the scalp showing the lowest hair density in all FPHL stages. Figure 2 demonstrates the comparison of the mean hair densities between normal subjects and each Ludwig stage. All four areas of the scalp showed a tendency toward decreasing hair density with increasing severity of the disease. In frontal sites, the decrease in hair density was statistically significant only for Ludwig III (p<0.001) compared with the normal group. In contrast, statistically significant differences in mean hair densities were detected in the midscalp and parietal areas, respectively, for Ludwig I (p<0.001, p=0.011), Ludwig II (p<0.001, p<0.001), and Ludwig III (p<0.001, p<0.001) compared with the normal group. The occipital area had statistically significant differences in hair densities for Ludwig II (p<0.001) and Ludwig III (p<0.001). When calculated as percentage of difference of hair density between the normal group and each Ludwig group, the midscalp area showed the highest percentage of decreased hair density followed by the parietal, occipital, and frontal areas.
Non-vellus hair diameter
A comparison of the mean non-vellus hair diameters between normal subjects and each Ludwig stage is shown in Table 1 . The changes in non-vellus hairs that contributed to global change of the scalp were observed. In our study, non-vellus hairs were defined as hairs that had diameters larger than 30 µm in order to exclude miniaturized hairs. In the normal group, the mean diameter of non-vellus hairs was similar in all four areas of the scalp. The mean diameter of non-vellus hairs in all areas of the scalp tended to decrease with increasing severity of FPHL. When comparing between the normal group and each Ludwig stage, the frontal and the occipital areas showed a trend toward decreasing non-vellus hair diameter, but with no statistical significance. However, the midscalp and parietal areas showed progressively decreasing non-vellus hair diameters for Ludwig II (p<0.001, p=0.005) and Ludwig III (p<0.001, p<0.001) compared with the normal group.
Percentage of miniaturized hair
The percentage of miniaturized hair in both the normal and FPHL groups is summarized in Table 1 . In the normal group, the area that had the highest percentage of miniaturized hair was the frontal area. The occipital area had the lowest percentage of miniaturized hair. However, there was no statistically significant difference observed between the various areas of the scalp in the normal group. When comparing the percentage of miniaturized hair in normal women to each FPHL group, all four areas had a tendency toward increasing percentages of miniaturized hair with higher Ludwig staging. The midscalp and parietal areas were the areas that 
Discussion
Hair density and hair diameter in various ethnic groups have been studied using various methods. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Most previous studies have investigated the normal population. Asians are known to have a lower number of hairs compared with other ethnicities. In previous studies in Caucasians, the hair densities of normal subjects were much higher than in the present study. [7] [8] [9] [10] [11] However, a previous study in Korean women showed that the hair density was similar to our study. 12 In terms of hair diameter, most of the previous studies reported only the midscalp area. The present values appear to be similar to those of previous studies, even though different measurement techniques were used (Table 2 ). Interestingly, hairs at different scalp areas have different characteristics. Measurements of different areas of the scalp revealed that the parietal area had the lowest hair density, even in normal subjects. The overall change in FPHL subjects showed a decrease in hair density and non-vellus hair diameter, and an increase in miniaturized hair with higher Ludwig staging. The midscalp and parietal areas of FPHL subjects were the two areas that demonstrated the distinctive progression, resulting in the clinical picture of hair thinning on both areas ( Figure 3) . FPHL subjects had statistically significant decreases in hair density and diameter on midscalp and parietal areas. The findings are 
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Parietal scalp involvement in female pattern hair loss similar to a previous study by Kang et al that reported the changing patterns of hair density and diameter in women with hair loss. 12 In addition, our study revealed an increasing percentage of miniaturized hairs with higher Ludwig staging. To our knowledge, the finding of significantly increased miniaturized hairs on the parietal area of patients with FPHL has never been described before. Most studies have typically focused on the midscalp or occipital areas. Therefore, it is possible that the pattern of hair loss in FPHL involves both the midscalp and parietal areas. FPHL patients are frequently observed to have hair thinning at the parietal area and the midscalp area. These findings provide novel important information on the hair characteristics of FPHL. However, the parietal area may not be the primary concern of patients. Hair thinning may not be obviously seen because the direction of hair growth can help cover the parietal area of the scalp.
The differences of hair parameters on each scalp area may be explained by the embryological derivation. The dermis of the face and anterior scalp, including the frontal and parietal areas, is of neural crest origin, while the dermis of the occipital area is of mesodermal origin. 18 Because frontal and parietal scalps share their embryological background, the pathophysiology of parietal scalp involvement in FPHL could be explained by increased 5α-reductase enzyme in this area compared to unaffected scalp, which is the same mechanism described on frontal scalp involvement. 19 However, further studies are needed to elucidate the pathophysiology of FPHL on parietal scalp area.
The diagnosis of FPHL is often challenging to determine because of subjectivity of physicians' examination. In patients with suspected early FPHL, history taking and physical examination lack the conclusiveness for accurate determination of stage and severity. Therefore, with the measurement of hair density and diameter by computer-assisted software, it offers practitioners quantitative data to identify the disease. Moreover, it is a noninvasive and easy-to-use method in outpatient clinic.
The limitation in our study is possible because of clinical diagnosis of FPHL. We could not clearly exclude participants with chronic telogen effluvium. Performing the wash test and/ or scalp biopsies to confirm the diagnosis in further studies could solve this limitation.
From the present study, the measurement of hair density and diameter by computer-assisted software has proven to be a useful method to help in evaluating FPHL patients. All parameters (hair density, non-vellus hair diameter, and percentage of miniaturized hairs) were correlated well with clinical Ludwig staging. However, hair density and percentage of miniaturized hairs were more consistent and sensitive than non-vellus hair diameter. We suggest that by using hair density and percentage of miniaturized hairs, automated phototrichogram technology may aid physicians in the diagnosis of FPHL, particularly in its early stages. Moreover, the changing patterns on each scalp site found in the study provide us with important information for better understanding of FPHL and inform hair transplant surgeons in choosing the optimal donor sites for hair transplantation in women.
Conclusion
The measurement of hair density and diameter by computerassisted software can be a useful method in real-life clinical settings. Our study demonstrated that there was good correlation between the quantitative measurements and the clinical staging of FPHL. The values of all parameters established in normal Thai women and FPHL subjects in our study will serve as helpful reference data for the evaluation of hair disorders. Furthermore, from measurements at different sites of the scalp, we found that the parietal and midscalp areas were both involved in FPHL subjects. This interesting finding warrants further investigation in the future.
